Abstract Biological hard parts and skeletons of aquatic organisms often archive information of past environmental conditions. Deciphering such information forms an essential contribution to our understanding of past climate conditions and thus our ability to mitigate the climatic, ecological, and social impacts of a rapidly changing environment. Several established techniques enable the visualization and reliable use of the information stored in anatomical features of such biogenic archives, i.e., its growth patterns. Here, we test whether confocal Raman microscopy (CRM) is a suitable method to reliably identify growth patterns in the commonly used archive Arctica islandica and the extinct species Pygocardia rustica (both Bivalvia). A modern A. islandica specimen from Norway has been investigated to verify the general feasibility of CRM, resulting in highly correlated standardized growth indices (r > 0.96; p < 0.0001) between CRM-derived measurements and measurements derived from the established methods of fluorescence microscopy and Mutvei's solution staining. This demonstrates the general suitability of CRM as a method for growth pattern evaluation and cross-dating applications. Moreover, CRM may be of particular interest for paleoenvironmental reconstructions, as it yielded superior results in the analysis of fossil shell specimens (A. islandica and P. rustica) compared to both Mutvei staining and fluorescence microscopy. CRM is a reliable and valuable tool to visualize internal growth patterns in both modern and fossil calcium carbonate shells that notably also facilitates the assessment of possible diagenetic alteration prior to geochemical analysis without geochemically compromising the sample. We strongly recommend the CRM approach for the visualization of growth patterns in fossil biogenic archives, where conventional methods fail to produce useful results.
Introduction
Detailed understanding of the global dynamics that have driven past environment and climate conditions prior to the era of instrumental and observational data (i.e., the last 200 years) is of utmost significance for proper forecasts of future climate development, e.g., by means of global coupled ocean-atmosphere models. Different archives of past climates contribute to this understanding of past climatic conditions and can subsequently be used to verify and improve models of future climate conditions. Commonly used archives such as sediment cores or ice cores cover long time spans (tens of thousands to millions of years, e.g., Petit et al. [1999] ) but have limited temporal resolution (annual at best, but usually in the range of decades to thousands of years, e.g., Hald et al. [2007] ). However, the reliability of paleoenvironmental/climate reconstructions and models can be greatly enhanced by including data on short-term variability at subdecadal or even subannual (e.g., seasonal) scales. Such information can be derived from nonbiogenic (e.g., speleothems) and biogenic (e.g., durable accretion parts of plants and animals) archives. The aquatic realm is a particularly rich resource of biogenic archives (mostly calcium carbonate) produced by long-lived organisms such as coralline algae, corals, mollusks, and fish (otoliths). These archives provide high-resolution information on decadal [DeLong et al., 2007] and subannual [Halfar et al., 2008] scales, while individual specimens can reach ages of several centuries .
Bivalves constitute archives of increasing importance [Richardson, 2001; Sch€ one, 2013] . They can be found in almost all aquatic systems worldwide, but notably in boreal and polar regions where they represent the only available long-lived biogenic information source [Sch€ one, 2013] . Due to their annual resolution, analysis of the internal growth patterns in different bivalve species have been used successfully to identify multiyear and decadal oscillation patterns such as the North Atlantic Oscillation (NAO); [Brocas et al., 2013] , Arctic
The bivalve Arctica islandica is a unique biogenic archive of particular importance [Sch€ one, 2013] due to its longevity (400 years and more; ), its wide boreal distribution throughout the North Atlantic [Dahlgren et al., 2000] and the fact that it records environmental conditions of the ambient water on a subannual scale [Sch€ one and Fiebig, 2009] .
To reliably utilize the climate and environmental information recorded within the shell, the internal growth pattern of the shell needs to be visualized. This is an absolute prerequisite for the successful compilation of master-chronologies and cross-dating applications (e.g., [Butler et al., 2010] ). Changes in carbonate structure and/or shell organic matter content are formed at regular intervals, and it is crucial to successfully couple and interpret the temporal and physical/biological mechanisms involved in these successive growth increments (for example annual, lunar, daily, tidal periodicity) in order to make reliable interpretations about past environments.
It is therefore essential that the accretionally precipitated growth increments within the shell are identified reliably and unambiguously, measured, and finally interpreted as a proxy for past environmental conditions. However, depending on the archive material (e.g., biogenic apatite or calcium carbonate), its age and preservation, it can be challenging to accurately and consistently reveal such information.
Several techniques have been established to visualize growth increments in sectioned bivalve shells. Common approaches are acetate peel replicas [Ropes, 1987] and treatment with Mutvei's solution [Sch€ one et al., 2005a] , which stains the organic compounds of the shell and simultaneously removes surface carbonate to create a relief structure. More technically sophisticated methods include fluorescence microscopy [Wanamaker et al., 2009] , which enhances contrast by inducing autofluorescence in organic compounds, backscattered electron microscopy (BSE) [Karney et al., 2011] , where the detection of backscattered high-energy electrons is used, and NanoSIMS [Karney et al., 2012] , which identifies differences in composition of annual growth increments.
Each of these methods has inherent advantages and limitations. Most preparation techniques are considered time consuming. Some are considered to make the unambiguous identification of growth increments difficult (acetate peels), require etching of the shell surface (i.e., the cross section will become unusable for geochemical analysis) or require different steps of shell pretreatment (e.g., spattering). Mutvei's solution uses glutaraldehyde (for chemical fixation of organic compounds), which is a hazardous respiratory toxin. In addition, most of the commonly used techniques are only of limited use when applied to fossil shell material. This also applies for Mutvei's solution, where smaller amounts of polysaccharides are present in the skeletons of older shells result in reduced contrast and lighter staining [Sch€ one et al., 2005a] . additionally discuss and evaluate the advantages and limitations of CRM in comparison to other visualization techniques.
Materials and Methods

Origin and Preparation of Shell Material
A total of four shell specimens have been analyzed in this study (for detailed information on shell material see Table 1 ). We test the CRM approach against the established methods of Mutvei staining and fluorescence microscopy (FL) using one modern Arctica islandica shell (ID: Ai1276R) from Tromsø, Norway. Then we compared the performance of the three methods with fossil shells, using two fossil A. islandica shells (IDs: AI-CoCr-01 from Sudbourne Park Pit, UK; AI-StRi2-BK1b from Stirone River, Italy) and one fossil Pygocardia rustica shell (ID: RGM609.096 from Antwerp, Belgium).
A. islandica builds its three shell layers out of aragonite [Sch€ one, 2013] as does the extinct species P. rustica, which inhabited a similar ecological niche as A. islandica [Bosch and Wesselingh, 2006] . Annual growth lines in both taxa are usually precipitated in autumn and winter [Ropes et al., 1984] .
All four shells were initially covered with an epoxy resin and cut using a low-speed precision saw (Buehler, IsoMet) equipped with a 0.4 mm diamond-coated saw blade. Cross sections of 3 mm thickness were cut perpendicular to the growth lines, glued on glass slides and ground using a manual grinder (Buehler, Phoenix Alpha), and sand paper with three different grain sizes (15, 10, and 5 lm). All shells have been analyzed consecutively, starting with the FL method then the CRM method and finally the Mutvei staining approach.
Visualization Methods 2.2.1. Confocal Raman Microscopy (CRM)
In contrast to elastic light scattering (also known as Rayleigh scattering), which applies to the main fraction of light, a very small fraction of incident light is scattered inelastically (commonly termed Raman scattering) [Raman and Krishnan, 1928] . The resulting difference in frequency between irradiated and scattered light (Stokes shift) depends on the specific molecular vibration of the molecules and can therefore be used for material identification [e.g., Smith and Dent, 2005] . All shells analyzed in this study consist of aragonite, which is identified based on two lattice modes (translation mode, 152 cm 21 and liberation mode, 206 cm
21
) and the two vibration modes (C-O symmetric stretch, 1085 cm 21 and C-O in-plane bending, 705 cm
).
We used a confocal Raman microscope (CRM) (WITec alpha 300 R) with two different monochromatic light sources (diode lasers): a laser with an excitation wavelength of 488 nm (pinhole size: 50 mm) and one of 785 nm (pinhole size: 100 mm) in conjunction with a motorized scan table with a maximum scan range of 2.5 3 2.5 cm and a minimum step size of 100 nm. Raman maps were taken using 203 (Zeiss EC Epiplan, NA 5 0.4) and 1003 (Nikon, NA 5 0.9) objectives. Raman signals were detected using a UHTS300 ultra high throughput spectrometer (WITec GmbH, Ulm, Germany) in which the spectrometer for 488 nm excitation wavelengths used a 600 mm 21 grating and a 500 nm blaze while the spectrometer for 785nm excitation wavelength used a 600 mm 21 grating and a 750 nm blaze. Subsequent spectral analysis and processing of digital images were conducted using WITecProject software (version 2.10, WITec GmbH, Ulm, Germany). Integration time was chosen to 0.1 s, while all measurements have been conducted at room temperature.
In order to establish whether the obtained results from Raman mapping are comparable to more commonly used techniques such as fluorescence microscopy (from here on referred as FL) [Wanamaker et al., 2009] Geochemistry, Geophysics, Geosystems 
Fluorescence Microscopy
Following the recommendations in Wanamaker et al.
[2009], we used the ''blue light spectrum'' where internal growth lines of the hinge plate become most prominent. An excitation filter (BP 460-490; excitation 460-490 nm, emission 515 nm) and a barrier filter (BA510IF), filtering the reflected light, were used. Images were taken in analySIS docu software (Olympus, version 5.1) using a stereomicroscope (Olympus, SZX12) attached to a CCD camera (Olympus, U-CMAD).
Mutvei's Solution
The application of Mutvei's solution to shells or skeletons simultaneously causes chemical etching (acetic acid), histochemical staining (alcian blue) and chemical fixation (glutaraldehyde). Cross sections of three shell specimens (IDs: Ai1276R, AI-CoCr-01, and RGM609.096) were stained with Mutvei's solution according to the procedure described in Sch€ one et al. [2005a] . An immersion time of 23 minutes at 37-40 C has been applied. Due to unsatisfactory results in the fossil specimens, immersion times were stepwise increased to 46 min in specimen RGM609.096 and 60 min in specimen AI-CoCr-01. Digital images of Mutvei stained cross sections were taken using an Olympus SZX12 stereomicroscope equipped with an Olympus U-CMAD CCD camera and analySIS docu software (Olympus, version 5.1).
Growth Increment Measurements
We determined increment widths in the aragonitic hinge plates of three shells, a modern A. islandica Geochemistry, Geophysics, Geosystems
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Results
CRM Verification With Modern A. islandica Shell
We were able to identify, count, and measure internal growth increments throughout the entire hinge plate of the modern A. islandica shell specimen Ai1276R (Figure 2 ) on digital photographs derived from the Mutvei and FL approaches as well as on CRM maps. The corresponding growth increment time series ( Figure  5a ) were detrended and standardized growth indices (SGI) were calculated ( Figure 5b ). The CRM SGI series correlates strongly with the FL series (r 5 0.98; p < 0.0001; N 5 57; age 5-62) and the Mutvei series (r 5 0.96; p < 0.0001; N 5 57; age 5-62) and the same applies to the Mutvei and FL series (r 5 0.97; p < 0.0001; N 5 57; age 5-62). Specimen Ai1276R became 65 ontogenetic years old, covering a life span from 1942 to 2006 (Figures 5a and 5b). For the verification approach, the time span from 1946 to 2003 was chosen.
Application to Fossil
A. islandica and P. rustica CRM maps clearly show annual growth increments throughout the entire hinge plate (Figures 3 and 4) . Based on these maps, the Pliocene A. islandica specimen (AI-CoCr-01) reached an ontogenetic age of 31 years ( Figure 5c ) while the Pliocene P. rustica specimen (ID: RGM609.096) reached an age of 17 years ( Figure  5e ). The FL and Mutvei staining approaches of both fossil specimens resulted in digital images of very low contrast (Figures 3 and 4) . Particularly in the ontogenetically older areas, where growth increments become most narrow, a clear distinction between increments was no longer possible. Consequently, it was not possible to reliably measure the internal growth pattern over the entire hinge plate (Figures 5c-5f ). The Mutvei Geochemistry, Geophysics, Geosystems treatment revealed the first 22 ontogenetic years only, and the FL treatment the first 17 years in the fossil A. islandica specimen (Figures 5c and 5d ). In the fossil P. rustica specimen (ID: RGM609.096), both Mutvei and FL treatment showed the first five ontogenetic years only (Figures 5e and 5f ). In the Pliocene A. islandica specimen (AI-CoCr-01), SGI series obtained by CRM and Mutvei (22 years; r 5 0.95; p < 0.0001) as well as by CRM and FL (17 years; r 5 0.86; p < 0.0001) are strongly correlated (Figure 5d ). The short increment series obtained with FL and Mutvei treatments did not allow for a corresponding SGI series comparison for Pliocene P. rustica specimen (Figure 5f ).
Discussion
Verification on Modern A. islandica
The strong correlations (r > 0.96; p < 0.0001) between SGI series resulting from CRM, FL, and Mutvei treatments (Figure 5b ) confirm that the shell growth increment pattern visualized by CRM mapping is identical to the growth patterns detected by the established methods Mutvei staining and FL. Therefore, CRM can be considered to be an equally reliable method to visualize internal growth structures in aragonite shells. It is also suitable for cross-dating applications such as the compilation of master chronologies, where the growth records of single specimens with overlapping life spans are stacked to produce a compilation of environmental change that can cover time spans of up to several hundred years . Consequently, such archives allow for climatic reconstructions from a daily to a multidecadal or even centennial time scale.
4.2. Analysis of Fossil A. islandica and P. rustica In both the fossil A. islandica (ID: AI-CoCr-01) and the fossil P. rustica (ID: RGM609.096) shell, the two commonly used techniques Mutvei staining and FL failed to visualize the complete shell growth pattern (Figures  5c-5f ). The very low contrast of the preparations rendered it impossible to identify and measure increments in the ontogenetically oldest parts of the shells (Figures 3-5) . Regarding the Mutvei treatment, even the extension of the exposition duration from 23 min to up to 60 min did not result in improved contrast. This finding confirms Sch€ one et al. [2005a] hypothesize that the low contrast in fossil specimens might be associated with diagenetic alteration of the shell material. However, CRM analysis indicates that the measured shell material consist solely of aragonite. Hence, a strong diagenetic alteration, resulting in the transformation of aragonite into the more stable polymorph calcite [e.g., Maliva and Dickson, 1992] , can be excluded. However, taphonomic alteration processes might have led to reduced amounts of polysaccharides in the fossil shell material [cf., Sch€ one et al., 2005a] being a more likely explanation of the weaker effect of the Mutvei treatment on fossil shells.
So far, we do not fully understand the cause-and-effect mechanisms that underlie the extraordinary good performance of CRM in fossil carbonate shell material. All three methods tested here rely in some way on the organic content of the shell. Since detailed studies of the organic composition of mollusk shells such as A. islandica and P. rustica are lacking, we cannot say which specific chemical compounds cause the fluorescence in FL and CRM. Scenarios with increasing organic composition [cf., Wanamaker et al., 2009; Karney et al., 2011] or mineralization (as described in Karney et al. [2011] for an elevated backscattered signal) prior to or during the formation of growth lines seem plausible. Both Mutvei staining and FL performed poorly when applied to fossil shell material, most likely owing to the decay and loss of shell organic compounds over time. In contrast to Mutvei staining and FL, CRM mapping seems to be able to visualize organic-related shell structures even after the original organic components have already been strongly altered. 1. CRM analysis does not require chemical sample (pre-) treatment, i.e., the shell surface is neither contaminated nor destroyed. This is in contrast to Mutvei staining, acetate peels (surface etching), and BSE (sputtering with carbon, gold, or platinum), which modify the shell to enhance visibility of the micro structures. Furthermore, no toxic/hazardous chemicals are involved such as glutaraldehyde (a respiratory toxin) and alcian blue in Mutvei's solution. Consequently, shell cross-sections analyzed by CRM can be used for subsequent geochemical analysis (e.g., stable isotopes or trace/minor elements as shown in ). 2. The CRM mapping area is large. Larger areas can be scanned consecutively (by moving the sample) and maps can be stitched (to a mosaic) afterwards. 3. CRM analysis can be conducted with high spatial resolution (down to several hundred nanometer), allowing the detection and identification of even finest growth structures ( Figure 6 ). This is especially advantageous in the study of subannual variability. Nevertheless, CRM has some limitations, too:
1. The confocal Raman microscope represents a relatively expensive instrument that may not yet be available easily.
Geochemistry, Geophysics, Geosystems 2. Depending on scan area, resolution and integration time, a single scan can take several hours. Hence, at the current technical level, CRM mapping may not become the standard tool for growth increment analysis, but may serve best in cases where standard methods fail. 3. Caution is advised when exposing organic-rich samples to a laser source. Repeated measurements may dampen the Raman signal significantly. Furthermore, shell coatings such as polyvinyl alcohol (PVA) might burn when exposed to a monochromatic light source.
Check for Diagenesis and Contamination
A check for taphonomic alteration (e.g., recrystallization from pristine aragonite to secondary calcite) in marine biogenic carbonates should be a mandatory step prior to any kind of biogeochemical analysis such as stable isotopes or trace elemental ratios of fossil samples. Therefore, CRM mapping can play a crucial role in the quality control of biogenic carbonate studies. Nehrke et al. [2012] highlighted the potential of CRM mapping in the identification of three different calcium carbonate polymorphs in the hinge plate of a modern marine bivalve species from Antarctica. In combination with electron microprobe (EMP) analysis, they were able to show that trace element incorporation differs with calcium carbonate polymorph (e.g., for magnesium and strontium). CRM may be helpful, too, in detecting contamination of shell material that might result from laboratory preparation (e.g., from glue or polishing residuals). Again, this check should be a mandatory step prior to any geochemical analysis.
Conclusions
In this study, we show that CRM is a reliable and valuable tool to visualize internal growth patterns in modern (Figures 2, 5a , and 5b) and fossil bivalve shell specimens of A. islandica (Figures 3, 5c , 5d, and 6) and P. rustica (Figures 4, 5e , and 5f). CRM performs as good as established methods (Mutvei staining and FL) in modern shells. Therefore, CRM based growth data are considered suitable for cross-dating applications, such as those used to compile master chronologies from multiple specimen archives. Regarding fossil shells, CRM reveals growth patterns where established methods fail, thus enabling a much more precise record of annual and even subannual growth increments ( Figure 6 ) and the interpretation of their palaeoenvironmental information (Figures 5d and 5f ). Furthermore, CRM constitutes an alternative nondestructive approach (as described for FL in Wanamaker et al. [2009] ) that does not required any pretreatment of the shell cross section and makes the preparation of a second cross section for geochemical analysis redundant.
We strongly recommend the use of CRM in samples where further geochemical analysis will be undertaken and as the best technique available for the imaging of annual growth increments in fossil bivalve shells. We emphasize that CRM should be considered a powerful tool for assessing the absence or degree of diagenetic alteration in fossil carbonate shell specimens prior to any geochemical analysis.
Outlook
Future studies based on CRM mapping in sclerochronology should test for the potential to utilize highresolution scans as shown in Figure 6 role and function of polyenes and pigments in the biomineralization processes of modern and fossil mollusk specimens needs to be better understood and their potential in terms of visualization of internal growth patterns needs to be tested. The method described here should also be applied to A. islandica specimens of older ontogenetic ages (1001 years), in the ventral portion of the shell and combined with studies on the organic content of A. islandica to decipher the origin of fluorescence variability. Application of this technique on additional mollusk taxa, both modern and fossil, and on noncarbonate palaeoarchives such as modern and fossil biogenic apatites (bones and teeth) or speleothems should be undertaken to fully test and exploit the potential of this versatile tool in archaeology and geosciences, as well as in climate-related proxy reconstructions.
